Left ventricular pressure-flow relations were studied, using excised working rabbit hearts and imposing constant flow ejections (flow-clamps) to separate the effects of flow on pressure from those of time, flow duration, starting volume, ejected volume, and volume at specified time. Pressure-flow data at given volume and time were independent of flow duration, starting volume, and ejected volume for flow-clamp durations exceeding 30 msec. Flow history independent of pressure-flow relations was linear for flow values larger than ± 5 ml/sec. The time-varying elastance model, E(t), of the ventricle was extended with a resistive component. Transient effects of flow can be explained by including a second elastance. The resulting verified 3-component model is consistent with recent reported experimental findings. The properties of internal resistance correspond to a constant unloaded ejection flow QmH» which was tested by extrapolating the linear pressure-flow relations to zero pressure. Q mMI reached a plateau value of approximately 25 ml/sec within 50 msec after the start of contration. In relaxation, Q,,^ is only slightly smaller. Q miJ[ did not depend on volume; therefore, the following equation was adequate for the relation between pressure, p{t); volume, V(t); and flow Q(t), during the flow-clamped ejections from 30 minutes after the start of the flow: Research 1987;60:727-737) I t was once thought 1 that instantaneous ventricular pressure was uniquely dependent on instantaneous ventricular volume according to a timevarying elastance predetermined by the contractile state. However, evidence has emerged that the rate of ventricular volume change has a decreasing effect on pressure, 2 " 10 in part, from myocardial force-velocity relations."
I t was once thought
1 that instantaneous ventricular pressure was uniquely dependent on instantaneous ventricular volume according to a timevarying elastance predetermined by the contractile state. However, evidence has emerged that the rate of ventricular volume change has a decreasing effect on pressure, 2 " 10 in part, from myocardial force-velocity relations." 12 The flow-dependent prediction of ventricular pressure has been conceived as an expression of "internal resistance." The magnitude of the internal resistance was found to depend on volume, 7 instantaneous pressure during flow, 1013 and isovolumic pressure at the volume and time in question. 5 " 7 Quantitative information concerning the ventricular internal resistance is still scanty, mainly because it is difficult to separate the influence of rate of volume change from the effects of other variables such as vol-ume and time. Separating the effects of rate of volume change from volume is particularly difficult since both effects are intimately interlinked, one being the time derivative of the other. Suga et al 8 reported a principal way to separate these effects by imposing different flows at identical times and volumes on ventricles. However, Suga et al 8 used exponential decreases in volume during the interval preceding pressure measurement, which might have produced additional effects of different flow history on pressure. We refined this method by clamping flow at different values during ejections of different durations. 14 With this technique, we were also able to eliminate the potential effects of flow history on pressure.
This paper presents detailed quantitative information on the effects of ejection flow on generated pressure as obtained with the flow-clamp technique. Pressure-flow relations add another dimension to the elastance model of ventricular contraction and, as such, complement the characterization of ventricular pump function. The properties of the internal resistance will be described in association with unloaded ejection flow (Q,,,,,) at zero intraventricular pressure. The properties of the unloaded ejection flow will, in turn, be related to the unloaded shortening velocity of heart muscle fibers, v 11, [13] [14] [15] [16] [17] [18] [19] [20] 728 Circulation Research Vol 60, No 5, May 1987 initial dose 1 ml/kg i.m.), and atropine sulfate (0.5 mg/ml, 0.4 ml/kg i.m.). Adequate anesthesia was maintained with an additional amount of Hypnorm® (0.1 ml i. v.) when needed. For artificial respiration via a trachea cannula, a Braun Type 874072 ventilator (B. Braun, Melsungen, Western Germany) was used. After midsternal thoracotomy and administration of heparin (5,000 IU/ml; 0.5 ml/kg i.v.), the ascending aorta was partially cut proximal to the brachiocephalic artery and a suitable cannula was inserted and ligated close to the aortic valve. After excision of the heart, the aorta was connected to the perfusion system (see below). Care was taken that no air entered the coronary system. The left atrium was opened, the mitral valve leaflets were cut, and most of this atrium was removed, leaving a small rim of tissue. The right atrium was opened, and the atrioventricular node was cauterized to reduce the spontaneous heart rate to < 0.5 Hz. A closely fitting cannula was snapped into the mitral orifice and held in place by the elastic tissue of the annulus fibrosus. A ligature of the atrial rim around the inserted cannula adjacent to the circumflex artery fixed the cannula to the left ventricle. The cannula served to connect the left ventricle to a servo-driven pump system ( Figure 1 ). Coronary perfusion was maintained at a constant pressure of 75 mm Hg via the aortic cannula. The perfusion fluid was a Tyrode-like solution with the following composition in meq/1: Na + 156.6, Ca 2+ 2.2, K + 5.6, Cl" 143.6, HC<V 21.4, H^" 1.5 and glucose 11.7. The perfusate was oxygenated by gassing with a mixture of 95% O 2 and 5% CO 2 , pH 7.37 ± 0.08 (mean ± SD) at 37° C. The perfusate was not recirculated but was discarded. At the end of the experiment, the heart (consisting of left and right ventricles only) was dried lightly with filter paper and weighed. The heart weights ranged from 5.4-6.9 g.
Experimental Setup
The experiments were carried out with a computercontrolled setup shown schematically in Figure 1 . A piston pump, driven by a linear motor, was connected to the left ventricle using a rigid, perfusion-fluidfilled, glass assembly and the mitral cannula. The internal diameter of the cannula was 5-7 mm, depending on heart size, while the diameter of the glass assembly was 3 cm. Special care was taken to keep the fluid free of gas bubbles. Linear piston movements represented ventricular volume changes.
The linear motor was driven by an electronic servo system with position and velocity feedback. The piston position was detected by a lateral photodiode (Silicon Detector Corporation Lateral Cell, SD-1166-21-11-391, Newbury Park, Calif., resolution of 10" 10 m), mounted rigidly on the sliding part of the motor and lit by a Hughes Model 3211 H-PC helium-neon laser (Carlsbad, Calif.). The linear motor was obtained from a DEC Model RK05 computer magnetic disk unit (Utrecht, The Netherlands) normally used to drive the disk read-and-write heads. Power requirements were met by the use of a Servowatt amplifier with a peak power of 1,200 W. The piston pump was a modified glass syringe of 10 ml. The range of the volume actuator was 9 ml. The internal radius of the piston was 1 cm. When the system was filled with fluid and connected to a ventricle, the volume actuator was linear for accelerations of the plunger up to 500 m/s 2 . The noise in position detection signal without filtering corresponded to a 0.016 ml inaccuracy. The upper frequency of the flat performance was 170 Hz (-3 dB), which was sufficient for all volume-time functions needed for the study.
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sure transducer (Best, The Netherlands) in combination with a Philips PR 9307 measuring bridge. The catheter was introduced via the mitral cannula, and the tip was positioned in the center of the ventricle. The sensor was submersed in water for at least 2 hours before each experiment and carefully calibrated. This system was linear, had a frequency band of 0-20 kHz ( -3 dB), and was sufficiently stable (drift <0.03 mm Hg/hr after 2 hours in water, temperature dependence <0.044 mm Hg/°C). 21 In an isolated canine heart preparation, a rubber balloon is put in the ventricle to ensure accurate measurement and control of ventricular volume.
268 However, this is impractical for the small rabbit heart. 22 In our preparation, the aortic valve prevented inflow of coronary perfusion fluid into the left ventricle during diastole. In systole, an additional artificial valve, present in the coronary perfusion line, was actively closed, preventing ventricular ejection via the aortic valve into the perfusion system. Because there was no intraventricular balloon, however, a minimal decrease in ventricular volume could be caused by a small amount of ejection into the small proximal section of the aorta. A small increase of ventricular volume could also occur because of a possible leak in diastole through the aortic valve and the Thebesian flow. In isovolumic beats, the resulting small overall changes of cavity volume were compensated for by an end-diastolic pressure control accomplished by small piston movements generated automatically by the computer. Since this compensation was generally one-way, the piston plunger position gradually shifted. After a number of experimental displacements, the piston plunger eventually reached an extreme position. It was then automatically reset by driving it slowly to a position near the opposite of the extreme position during 6 successive systolic phases in which a special valve attached to the system was opened. During this piston-resetting procedure, no measurements were taken. Experimental runs (defined later) were restarted when ventricular isovolumic pressure had again become stable.
During a series of stabilizing beats, ventricular enddiastolic pressure was set at a predetermined level. It appeared that once a desired end-diastolic pressure was reached, controlled end-diastolic pressure and corresponding peak systolic pressure varied less than 0.15 mm Hg and 1 mm Hg, respectively, throughout a period of 5 minutes. Based on this indication of a constant end-diastolic pressure-volume relation, we used enddiastolic pressure control to obtain a reproducible reference volume during all series of stabilizing beats of each experimental run. All starting volumes of ejecting beats were related to the reference volume by programmed piston excursions (Figure 2d ). Ventricular volume changes were thus assumed to take place by only programmed injections and ejections. During most series of experimental piston excursions (approximately 300 beats), no piston reset procedure was necessary, indicating that the volume changes during end-diastolic pressure control were quite small, probably less than 0.03 ml/beat. The ventricles studied had maximum isovolumic pressures up to 130 mm Hg at an end-diastolic pressure of 10 mm Hg. The mean enddiastolic pressure applied was 4.1 mm Hg (SD ±3.2 mm Hg), and the corresponding mean maximum isovolumic pressures averaged 81.6 mm Hg (SD ±18.1 mm Hg).
We paced the ventricle with 1-msec pulses using silver-plate electrodes placed on both sides of the heart and related all experimental events in the cardiac cycle to the moment of assumed simultaneous stimulation of all fibers. The stimulation frequency was usually 2 Hz, giving a diastolic phase of about 200 msec. To accomplish sufficiently fast and detailed control, a Digital Equipment Corp. LSI 11/23 interactive computer system (Maynard, Mass.) with 32K 16-bit word memory was used. The specially designed real-time program executed several tasks quasi-simultaneously. 23 One of these was generation of the electrical signals driving the pump servo circuit with a resolution of 0.001 ml in ventricular volume change. All measured signals were recorded on Philips Analog 7 recorder FM magnetic tape. A temperature of 37°C was maintained by a regulated heating system.
Flow-Clamped Beats
To study the effects of rate of volume change on pressure, we used linear volume-time functions (flowclamps) as the command for the servo system ( Figure  2 ). We separated flow effects from time and volume effects by reaching a specified volume, V m , at a prede- Stability of the preparation was checked by preceding every flow-clamped beat in each experimental run by (usually) 30 isovolumic beats with end-diastolic pressure control at the reference volume chosen for that run. A starting volume of an ejecting beat different from the reference volume was set in the diastole that immediately preceded the ejecting contraction (Trace 1 in Figure 2d ). In some cases, an extra isovolumic beat without piston movement was interspaced between the beat in which the starting volume was set and the flow-clamped ejecting beat (Trace 2 in Figure 2d ). However, the results were similar. Occasionally, larger inflow values induced premature beats, and the data were discarded.
The study of the influence of ejection rate on pressure can be accomplished using the method depicted in either Figure We performed 28 runs ( Figure 2a ) using 7 hearts and applied flow values of between 5 and 20 ml/sec, times, t^,, of between 60 and 148 msec, and various volumes, V m , at specified times. The earliest starting time of ejection was 0 msec (coinciding with stimulation). Ejected volumes until t^ were between 0.03 and 1.00 ml, and flow-clamp duration before \^ was between 5 and 100 msec.
To study pressure-flow relations, we performed runs (Figure 2b or 2c) consisting of flow-clamped beats and reaching the same volume at the same time in a run. At this point, ranges of increasing flow-clamp values were applied. We collected pressure-flow data from 68 runs using 14 left ventricles. The total range of applied constant flow values was 1-22 ml/sec, which is within the physiologic range for rabbit hearts. 24 The time was chosen between 50 and 220 msec, the ejected volume before t m was between 0.03 and 1.3 milliliters, and the duration of constant flow before t m was between 30 and 144 msec. In 22 runs, constant flow duration was changed (method of Figure 2b) . In an additional 46 runs, the amount of ejected volume was changed (method of Figure 2c ).
Time Dependence and Volume Dependence of Internal Resistance
A family of pressure-flow relation runs, or "experiments," were performed to specifically examine either the time dependence (Figure 3a) or the volume dependence (Figure 3b ) of the linear parts of the pressure-flow curves. During each of these experiments, either measuring t m (Figure 3a ) or measuring V m (Figure 3b ) was altered for different runs, keeping the other parameter unchanged. A total of 76 runs were performed in experiments in which the time and volume dependence of internal resistance were determined. The total range of flow values covered 1-22 ml/sec (17-370 ml/sec/lOOg left ventricle) in 14 left ventricles. Out of the 76 runs, 35 were part of 5 "time-variation" experiments. In 2 ventricles, 2 time-variation experiments were carried out in each. Another 24 runs were part of 6 "volumevariation" experiments performed in a separate set of 5 ventricles. In 1 of these ventricles, 2 volume-variation experiments were carried out.
Linear regression was applied to the linear part of stimulation TIME stimulation TIME FIGURE 3. Flow-clamped ejections leading to specified volumes at specified times (arrows). the pressure-flow relation data. The part of the data to be included in the regression was decided by visual inspection. From the regression, internal resistance R was calculated as the regression coefficient. The extrapolated flow at zero pressure ( Q^) and the extrapolated pressure at zero flow ( p j were determined. The 95% confidence intervals of Q^ were also calculated. The regression parameters were analyzed statistically to assess their interdependencies and their dependencies on measuring time and volume. The statistical analysis included estimation of regression coefficients and 95% confidence regions, correlation coefficients, and prediction of extrapolated values with corresponding 95% confidence intervals. 23 Figure 4 shows typical results obtained in a run like in Figure 2a . After the onset of flow, a short (30-msec) transient in pressure was seen. Thereafter, pressures followed a common path in all ejecting beats of a run. During that common path, pressure did not depend on the duration of constant flow and consequently on the volume ejected before t ra . During the transient, pressure dropped from the isovolumic value at the start of flow to the common path. If the flow-clamp was shorter than the transient time, the common path was not reached and pressure at the specified time depended on the flow-clamp duration and thus on the ejected volume.
Results
History Independence of Pressure-Flow Relations
The pressure values obtained from 6 runs in differ-VOLUME PRESSURE (mmHg) 100 " © 042 ml VOLUME FIGURE 4. ent ventricles at different flows, volumes, and times are shown in Figure 5 . In all cases, this pressure became virtually independent of the duration of constant flow and hence of the starting volume, when the duration amounted to > 3 0 msec. Figure 6 gives the average results of 28 runs executed with constant flow ejections of variable duration in 7 ventricles. Plotted on the ordinate is the mean pres- sure difference between instantaneous pressures and "common path pressures" as a function of flow duration for various volumes, times, and flow values. The "common" pressure was arbitrarily defined as the average pressure at the specified time and volume from ejecting beats where the flow began between 40 and 50 msec before t,,,. The bars represent the standard errors of the mean Ap. The mean pressure difference is essen- tially 0 with small standard errors of the mean for flow durations > 30 msec. We conclude that pressure at any specified volume and time is independent of flowclamp duration during constant flow ejections under the condition that flow has lasted more than 30 msec. Because this condition is independent of the flow value, we also conclude that end-diastolic volume and ejected volume do not influence ventricular pressure after the 30-msec transient period. Figure 7a shows a representative run that demonstrates the influence of ejection flow rate on pressure. To eliminate the transient effects as found above, the flow clamp was continued longer than 30 msec. The figure shows the pressure at t m to be smaller as the constant flow rate grew greater, implying an inverse pressure-flow relation. Figure 7b shows the same data in a pressure-volume diagram. Figure 7c illustrates that the methods for attaining pressure-flow relations shown in Figures 2b and 2c produce similar results, which is consistent with the suspected history independence of pressure-flow relations. fied volumes and times, assessed from 6 runs obtained from 6 ventricles.
Linearity of Pressure-Flow Relations
All 68 runs produced pressure-flow relations that were linear for flow values above ± 5 ml/sec (85 ml/sec/100 g left ventricle). The mean ± SD of the correlation coefficients is -0.987 ±0.016 for the method illustrated in Figure 2b and -0.996 ± 0.009 for the method in Figure 2c . The correlation coefficients are very close to -1 irrespective of the method used.
Isovolumic Pressure Redevelopment After Flow-Clamp
In this study, all flow-clamps were terminated immediately after t m . In all cases, we observed a pressure rise connected with the cessation of flow. This was in accordance with the earlier finding that, in general, the occurance of ejection flow has a decreasing effect on pressure development. 
Dependence of Internal Resistance on Time and Volume
Figure 9a presents a family of pressure-flow curves from a representative experiment in one ventricle where the specified times were changed but volume was kept constant (method illustrated in Figure 3a) .
The corresponding linear regression lines are also indicated in the figure. The zero pressure intercepts of the extrapolated pressure-flow relations (i.e., the values of Qm«) estimated by the intercepts of the regression lines, are also indicated. In this figure, Q^ appears to be little influenced by t m .
A family of pressure-flow curves and calculated regression lines resulting from a representative experiment in 1 ventricle where the specified volume was altered (as exemplified in Figure 3b ) is presented in Figure 9b . The fitted linear curves again have approximately the same intercept with the flow axis. This figure indicates that Q^ is also little influenced by ventricular volume.
Constancy of Flow at Zero Pressure, Q,F
or each run, we calculated Q^ and R from the linear regression line of the pressure-flow data in the linear range. The number of data points included in each calculation of R and Q mui was 8.2 ± 2.7 for the "time-variation" experiments and 5.2 ± 1.3 for the "volume-variation" experiments (mean ± SD). Figure 10a shows a representative Q miu -time relation resulting from one of the 5 experiments with "timevariation." The mean ± SEM of the 5 regression coefficients calculated were a decrease of 2.2 ± 0.7 ml/sec in Q^ over a 100-msec range covering the normal ejection interval. The smallest range in time values applied was 60-120 msec and the greatest was 50-220 msec. This means that there is a small but statistically significant decrease in Q,^ of 9 ± 3% per 100 msec (mean ± SEM) from early systole until the end of relaxation. We found no change in slope of the Q^-time relation at the time of maximum isovolumic pressure. Figure 10b shows a representative Q^-volume relation resulting from one of the 6 volume-variation experiments. The 6 regression coefficients yielded a mean value ± SEM of a 0.1 ±0.9 ml/sec decrease in Qmu F^1" 0-5 nil increase in volume, which is roughly one-half cavity volume. The smallest range of volume values applied was 0.2 ml and the greatest range was 0.6 ml, corresponding to a range of end-diastolic pressure of 3.1 mm Hg. We conclude that there was no significant dependence of Q^ on V m in the range of volumes studied.
For each of the 14 hearts, Q,^ was virtually constant (SEMs between ± 0 . 0 and ±4.2% of mean Q,^). Heart-to-heart variation of Q mtx was slightly greater (SEM = ± 5.7% of mean Q^J. Within the 5 timevariation experiments, the SEM values were between ±0.8 and ±4.2% of mean Q,^, whereas within the 6 volume-variation experiments, they were between ±0.9and ±4.9% of mean Q^. Pooling of all the data from 76 runs resulted in an estimated Q nux of 25.4 ± 0.6 ml/sec (mean ± SEM).
Discussion
The influence of rate of volume decrease (flow) on generated pressure has been used as a basis for adding a viscous element, R, to the time-varying elastance model. 5   -7   " 10 Also, a second elastance, E 2 , was required to account for volume history effects 8 ( Figure 11 ). The present study supports the validity of this 3-component model both before and during constant flow ejections but, as will be discussed later, not after it.
In general, application of clamped and specified variables is a suitable method for identifying components in a model with a structure as shown in Figure  11 . The presence of R is reflected directly by the slopes of the pressure-flow curves of Figure 8 . The linearity of the pressure-flow relations shows that the R value is flow independent over a large range of flow values.
The presence of Ej (already demonstrated by Schiereck and Boom 2 *) offers a plausible explanation for the 30-msec transient period required before a historyindependent pressure-flow relation can be observed. Immediately after the onset of the flow-clamp, Ej is able to change its "length" (Figure lla) until its "tension" matches the value corresponding to the tension of E,, minus the amount required to overcome the resistive effects of R. This process apparently takes ±30 msec (Figures 4-6 ). If Ej is assumed to be much stiffer than E,, E, can closely follow the length changes applied in the following phase of the flow-clamp, the length of Ej remaining virtually unchanged. Tension produced by the model is then uniquely determined by the length effects on E, and the velocity effects on R, volume history being eliminated.
Comparison With Other Methods
The present method for quantifying ventricular resistance in terms of history-independent pressure-flow relations was introduced by Vaartjes et al. 14 Earlier studies by Elzinga and WesterhoP 28 dealt with the relation between mean left ventricular output and mean left ventricular pressure in preloaded and afterloaded isolated left ventricles of the cat. In reference to our model (Figure 11 ), the impedance found by them includes both E, and Ej as well as R and therefore should not be compared with the resistance values presented in this paper. Templeton et al 2 " 3 applied sinusoidal volume perturbations to isovolumically contracting canine left ventricles. They found a "viscous stiffness" that is linearly dependent on ventricular (isovolumic) pressure, qualitatively comparable with ours but not resolvable into contributions of Ej and R.
Hunter et al 67 studied pressure responses to flow pulses of rounded shape and 40-50 msec in duration on isovolumically contracting isolated canine left ventricles. They found the flow pulse and the associated pressure transient to be practically in phase, implying that their results do not require E^ In contrast, our results indicate a phase shift much shorter than 40 msec. Apart from this point, their results are compatible with linear pressure-flow relations, resistance being almost proportional to isovolumic pressure, which is in agreement with our results. From the results of Hunter et al, 7 we can estimate an average Q^ of 935 ml/sec for the canine ventricle, which is about 37 times as large as the Q^ value for rabbit left ventricles. However, the canine left ventricular cavity volumes (mean 34 ml) were greater than those of the rabbit hearts by about the same factor.
Ringo et al, 9 using parameter estimation techniques and assuming a constant resistance, found an average resistance of 0.096 mm Hg/ml/sec for in situ canine left ventricles. This is close to the average value of 0.107 mm Hg/ml/sec, assessed by Hunter et al 7 at 100 mm Hg isovolumic pressure.
Shroff et al 1013 performed a parameter estimation study using the flow-pulse technique of Hunter et al 67 (see above) and optimization techniques to estimate internal resistance of canine left ventricles. They found that as long as the ejection fraction was less than 45%, the slope of the resistance-flow relation was unaltered by changes in end-diastolic volume, afterload, and contractile state. In a more recent study, using our flow-clamp technique on isolated canine hearts, Shroff et al 29 found linear pressure-flow relations and Q^, values independent of time, volume, and contractile state, indicating that our results can be extrapolated to the canine heart. Suga et al 8 reported experiments on isolated canine left ventricles in which they measured pressures at specified times and volumes in isovolumic and ejecting beats, according to a method resembling ours. One difference with our method is that Suga et al 8 applied exponential volume-time functions, while we used flow-clamps. They analyzed the pooled data of each heart using a multiple regression technique, assuming absence of interactions among individual ejection parameters such as flow at the specified time, maximum flow during ejection, and ejected volume. Suga et al 8 also implicitly assumed that Q,,^ would be independent of time and volume since they decided to analyze the effect of flow in terms of the percent changes in pressure. This assumption is now justified by our results. They discussed their results in terms of a 3-component model such as the one presented in Figure 11 . The Q,,^ values that we estimated from their results are comparable to ours when the different heart sizes are taken into account.
We conclude that the results obtained by our flowclamp method agree with the results obtained by the above cited authors, even from a quantitative viewpoint. This method allows an explicit demonstration of linear pressure-flow relations, with time-and volumeindependent flow at zero pressure (Q,,^). Moreover, we demonstrated that the pressure-flow relation measured during flow-clamps is independent of preflow volume and, thus, of ejection fraction, except for the short transient effects after changes in flow. Therefore, we could provide a clear basis for a 3-component model of the ventricle (Figure 11 ) by the use of flow-clamp method.
Comparison With Heart Muscle Behavior
Pressure-flow relations as assessed in this study are possibly the ventricular equivalent 3031 of the forcevelocity relations as established for myocardial muscle 12, 18. 19, 32. 33 obviously, ventricular pressure is related to the forces of the ventricular wall fibers, while ejection flow is associated with the shortening velocity of these fibers.
There is evidence that unloaded shortening velocity of heart muscle fibers, v^, is independent of time during a major portion of the contraction.
1116 " 18 According to these authors, a constant value of v^ is reached within the first few tenths of msec of systole. In the same publications, it is also shown that v^ is independent of instantaneous sarcomere length. However, other authors have reported a very strong dependence of v^ on both time 20 and sarcomere length. "• 20 A virtual time independence of v^ would be in agreement with the time independence of Q^ that, according to our measurements, starts less than 50 msec after stimulation and lasts at least until the latest part of the relaxation phase (3:220 msec after stimulation).
Combined Effects of Volume and Flow on Pressure During Ejection
The linear part of the pressure-flow relation can be described as
where p(V,t,Q) is pressure, p x (V,t) is the time-and volume-dependent pressure identified as the intercept of the extrapolated linear part of the pressure-flow relation with the pressure axis, R(V,i) is internal resistance (i.e., the slope of the pressure-flow relation, and Q is flow. Because the proportionality found between R and p x is virtually not affected by time and volume, Equation 1 can be transformed to
where Q^ is the flow at the intercept of the extrapolated pressure-flow relation with the flow axis. We found that the difference between p z (V,t) and isovolumic pressure at the same volume and time, p ij0 (V,t), is time (5) where Ap»p and Ap v represent the effects of flow and volume on pressure and EF(t) is the ejected fraction between start of flow and time. Using this equation, one can see that for a flow with a value of Q mm; /2 with *i ejected fraction of Vi, the effect of the flow on pressure is on the order of one-half of the direct effect of tie decrease of volume.
Deacfvation and Superactivation
The applicability of the model in Figure 11 to describe pressure generation during flow-clamps does not includi the phase of contraction after the end of the flow-clamp.If the model were applicable when flow is turned off, piessure would return to follow the isovolumic pressure tace after a short transient to allow Ej to equilibrate. In contrast, we found that 1) pressure reached values greater than isovolumic pressure after the end of a flow-clamp when the imposed flows were small (Figures 4t and 7a ) values smaller than isovolumic pressure followed large flow values (Figure 7a) . Apparently, flow itself or the sudden decrease of flow had a persistent effect on pressure that would not be expected from a purely viscous-like resistive property. Effect 2 has been designated in literature 6733 - 36 as flowinduced deactivation. Its flow-dependence is confirmed by the results of Hunter et al. 7 We call effect 1 superactivation. This phenomenon is evident in studies published previously (Figure 4 ). In our experiments, deactivation and superactivation (measured after the end of a flow-clamp longer than 30 msec), appeared to be independent of flow-clamp duration and ejected volume but smaller after flow-clamps of shorter duration.
The possibility must be accepted that the pressureflow relations we measured were determined at least partly by flow-induced deactivation (or superactivation). These deactivation and superactivation effects act in combination with a viscous-like resistive property to determine the net pressure-flow relation and the net ventricular internal resistance. The deactivation component may be very significant for large flow values. However, we cannot be certain how big the contribution of deactivation is during flow because the act of suddenly terminating the flow may have induced greater deactivation or superactivation than was present during flow. Nevertheless, whatever the ultimate mechanisms, our procedure has allowed us to experimentally define well-behaved (linear, history-independent) pressure-flow relations.
Limitations Due to Nonconstant Flows
Data on pressure-flow relations was obtained when flow had been constant for at least 30 msec. When flow is not constant, particularly in the case of decreasing flow, the same pressure-flow relation might not be found because of the persistent effects of deactivation (or superactivation) observed at the termination of flow-clamps. Equations 1-5 are invalid during the initial transient following changes in flow and after substantial decreases in flow. The model of Figure 11 , however, appears to be valid until the time when constant flow stops.
Whatever the mechanism producing the 30-msec transient period after the start of a flow-clamp may be, it enables in situ ventricles to produce a relatively large driving pressure during the early phase of natural ejections.
In vivo, aortic-root flow is decreasing for two-thirds of the ejection time. More work is needed to verify the influence of Ej on pressure development in hearts in situ and, in general, to understand the effects of flow on pressure when flow is changing, particularly when it is decreasing.
Conclusion
Q,^ estimated from ventricular pressure-constant flow relation is independent of pressure, volume, and time within their physiologic ranges. This concept allows a simple quantification of the effect of the internal resistance on generated ventricular pressure (Equation 4). The proportionality between resistance and isovolumic pressure indicates that the ventricular resistance represents an active mechanism related to muscle contraction.
